Background: The economic importance of cereals such as barley, and the demand for improved yield and quality require a better understanding of the genetic components that modulate biologically and commercially relevant traits. While Arabidopsis thaliana is the premiere model plant system, the spectrum of its traits cannot address all of the fundamental questions of crop plant development. Unlike Arabidopsis, barley is both a crop and a model system for scientific research, and it is increasingly being used for genetic and molecular investigations into the conserved biological processes of cereals. A common challenge in genetic studies in plants with large genomes arises from the very timeconsuming work of associating mutant phenotypes with gene sequence information, especially if insertion mutagenesis is not routine, as in barley. Reverse genetics based on chemical mutagenesis represents the best solution to this obstacle.
Background
Barley has a long history as a model plant in mutation research and breeding [1] . One year after Muller published his pioneering work on mutations induced by Xrays in fruit flies [2] , Stadler published the first results on induced mutations in barley [3] . In the same year, the Swedish barley mutation research programme was initiated to study the fundamental effects of different mutagens on the barley genome and their applicability for breeding purposes [4] . Since spontaneous mutations occur with extremely low frequency, mutation induction techniques were widely expected to rapidly increase variability in crop species. After initial attempts, more than ten years passed before the first practical mutation procedures were implemented leading to improved mildew resistance in barley [5] [6] [7] . In 1959, a conference at today's Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) substantially promoted interest in chemical mutagenesis [8] . Today, over 300 barley varieties are listed that were either directly or indirectly derived from mutation breeding [9] , reflecting the impact of mutation induction on crop improvement.
In the past, the systematic development of mutagenesis was limited by the lack of effective mutation screening techniques and the rather basic knowledge of genes underlying the designated traits, rather than by the efficiency of mutation induction [10] . The introduction of TILLING (for Targeting Local Lesions IN Genomes) [11] , which combines chemical mutagenesis with highthroughput genome-wide screening for point mutations in genes of interest, effectively complements classical forward mutation screening based solely only on phenotype. Chemical mutagens like ethyl methanesulphonate (EMS) induce high-density single nucleotide changes that are randomly distributed in the genome [12] . These DNAdamaging agents induce allelic variation that includes missense mutations in coding sequences (leading to altered protein structure and function), mutations of noncoding sequences that may affect gene regulation, as well as premature stop codon mutations and splice site changes that may result in knockout/knockdown of a protein. TILLING introduces new aspects into plant breeding, such as the possibility of surveying specifically for allelic series of economically interesting genes [13, 14] . Moreover, as a highly precise and targeted approach, TILLING does not involve the generation of genetically modified plants, and hence it is a more globally accepted tool for breeding.
In the present study, we describe a new EMS-induced mutant population comprising 10,279 M 2 individuals of the two-rowed spring-type barley cultivar 'Barke.' TILL-ING was used for ten DNA fragments derived from six different genes in order to estimate the average mutation frequency for this population. A more detailed analysis was performed for the gene HvHox1, which was previously shown to control the row-type character in barley [15] , allowing for a frequency bias for functional mutation sites to be determined. Our results suggest that the new TILL-ING resource of the barley cultivar 'Barke' has potential for use in fundamental research as well as for applied breeding.
Results

Generation of a TILLING population in the barley cultivar 'Barke'
The two-rowed barley cultivar 'Barke' was used to develop a mutant population. The response to treatment with ethyl methanesulphonate (EMS) had to be determined first, because the genotype-dependent sensitivity of 'Barke' to chemical mutagenesis was unknown. Mutagenic efficiency was used as the method of validation. Based on previous experience with EMS mutagenesis with TILLING in a different barley cultivar ('Optic' [16] ), nine EMS concentrations between 20 (0.2%) and 60 mM (0.63%) were applied. Relatively narrow increments of 5 mM were chosen since chemical mutagens are characterised by specific threshold values, after which the survival rates may quickly decline [17] . The mutation efficiency was monitored as the relative rate of mutation frequency in comparison to the frequency of undesirable changes at a given mutagen concentration. The applied range of concentrations was expected to allow differentiation between the most efficient as well as the maximum tolerated EMS treatment for the cultivar 'Barke.' As a first parameter, the tolerance of 'Barke' against EMS toxicity was analysed by comparing the relative fitness as a function of the applied EMS concentration; the assessment was based on the respective frequencies of germination, sterility and M 2 seed yield (Table 1) . Germination rates significantly decreased from 92% for 20 mM EMS to an average of 40.5% for 60 mM EMS. In the same range of EMS concentrations, M 1 spike sterility was scored in three categories: completely sterile spike (100% sterility), semisterile spike (measured as > 50%, 50%, < 50% sterility) and fully fertile spike (0% sterility). At increasing EMS concentrations, a clearly significant negative relationship was observed with M 1 spike fertility leading to nearly 100% sterile spikes at 60 mM EMS (Table 1) . For practical reasons in the context of population development, treatment with 40 mM EMS was found to be the upper limit, as the level of fully sterile spikes increased from 63% at 40 mM to 84% at the next higher concentration of 45 mM. Consequently, the overall number of M 1 plants carried to the next generation and that were used to build up the overall population varied substantially between treatments ( Table 2 ). In summary, from 99,879 mutagenised barley seeds (M 0 ), 24,600 M 1 plants advanced to the M 2 generation.
Plant fertility was also assessed in the M 2 generation since efficient seed set in M 2 is a prerequisite for effective phenotyping of M 3 families identified after TILLING. The M 2 seed yield was negatively correlated with EMS dosage (r = -0.93 and r = -0.99). From the 20 mM-treated M 2 mutants, on average more than 90 seeds were harvested regardless of whether the plants were grown under greenhouse or field conditions. Only 65% of the plants receiving 40 mM EMS produced M 3 seeds, and 38% of the plants with the highest EMS concentration yielded M 3 seeds that could be successfully harvested (data not shown).
Based on prior experience with reduced fertility in advanced mutant generations, ten plants per M 2 family were initially cultivated from 15,346 M 1 plants to construct the final TILLING population. After tillering, the M 2 families were evaluated for viability, and one M 2 individual from each family was selected for further cultivation and subsequent development of M 2 DNA and M 3 seed stocks. This selection was done in order to avoid redundancy of mutation events in the final population. For barley, it was assumed that only one primordial germ line cell of the embryonic main shoot apex was present in M 1 [4] . Therefore, M 1 seeds of a single spike could share the same mutational event, and a single mutation could appear as a cluster in the segregating spike progenies [18] . The main selection criterion at this stage of population development was general vitality (reduced risk of growing sterile plants), since high yields of M 3 seeds were targeted as an essential prerequisite for the development of a useful and sustainable TILLING resource. In some cases (1.7% of all M 2 families), when no clear decision could be made for the selection of a single M 2, two plants of the same M 2 family were kept until maturity. Such siblings were further handled as independent mutant line accessions. Finally, a set of 10,279 M 2 plants derived in different proportions from various EMS concentrations (Table 2 ) was selected to construct the overall population.
For the efficient development of a mutant population, it is desirable to get the earliest possible assessment of the achieved mutation density. Since results of previous barley mutagenesis experiments revealed the correlation between EMS dosage and M 2 chlorophyll seedling mutant frequencies [19] , M 2 families were evaluated for such early phenotypic markers. The analysis focused on the five most frequent phenotypes: albina, xantha, viridis (all three belonging to sub-class unicolour [20] ), viridoalbina and striata (both belonging to sub-class bicolour [20] ) (Additional file 1). The frequency of such phenotypes was determined in progeny obtained at EMS concentrations ranging from 20 to 50 mM (Table 3 ). The relative frequencies were calculated based on the number of mutant individuals per 100 germinated M 2 plants. Although this method does not consider cluster mutations within the M 2 families, compared to spike progeny-based methods [20] it has the advantage of being insensitive to variations in the respective spike progeny sizes, which are affected in M 2 families especially at higher EMS treatments (data not shown). The albina phenotype was most frequently observed (Table 3) , and a significant relationship between showed a mutant phenotype; of these, 5.6% were homozygous for the observed trait, and another 5.6% of the families were segregating two independent phenotypes (data not shown). In 2.8% of the families, plants were observed that displayed more than one aberrant phenotype that could be ascribed to known monogenic mutations (data not shown). In contrast to the phenotypic spectrum observed in the M 2 generation, alterations of tillering and plant colour were observed more frequently, while the frequency of dwarfism was notably lower (Additional file 2B).
The frequency of visible morphological phenotypes correlated positively with EMS dosage. In the M 2 generation, this frequency ranged from 10% among 20 mM-treated plants to 23% among plants receiving 35 mM EMS. By contrast, in the M 3 population, this ranged from 18% among 20 mM-treated plants to 63% among plants receiving 35 mM EMS.
Determination of molecular mutation frequency--TILLING of candidate genes (reverse genetics)
In order to survey the mutation frequency of the composite population at the molecular level, ten fragments from six genes were screened. This work was performed in parallel to the late stages of population development, so only a limited set of 7,389 M 2 lines could be used for TILLING (Table 4 ) (except for the gene mlo for which only 1,920 M 2 were surveyed). The mutation frequency per gene fragment was estimated by dividing the total base pairs screened by the total number of mutations identified. The density of mutations was calculated in the established barley population as an average frequency of all screened fragments. Scoring of mutations located either in the proximal or distal 50 bp of each amplicon was compromised because of priming and systematic artefacts on the LiCOR gels. Therefore, in order to calculate the effective number of base pairs screened, each amplicon length was reduced by 100 bp. Gene fragments ranging from 321 bp 6) 719. Chlorophyll mutant rates other than albina observed among M 2 seedlings obtained from treatments higher than 40 mM were excluded from statistical considerations because the generally low germination rate of those mutants was insufficient. a) Chlorophyll seedling mutant classification according to [20] .
b) The one factorial analysis of variance (ANOVA) tested the variability within each EMS concentration and between all concentrations. ANOVA: F = Fisher's exact test: *: Significance at p ≤ 0.05; ** Significance at p ≤ 0.01; *** Significance at p ≤ 0.001. A test of linearity was performed to confirm the required normality of the single data set (data not shown) [63] .
to 1,400 bp in length were designed to cover either whole open reading frames (ORFs) or selected coding regions of the respective target genes.
The screen revealed a total of 81 independent mutations (Table 4) , including 64 (79%) located in exons. Twentynine (45%) of the exon-located mutations induced a change of amino acid (AA) sequence, and three (5%) affected splice sites or inserted a premature stop codon, which most likely led to truncated reading frames. Based on all of the screened fragments, the average mutation frequency for the population was found to be one mutation per 0.5 Mb. Therefore, the entire population of 10,279 M 2 lines translates to an average of 20 mutations for any 1 kb DNA fragment. The probability of having at least one truncation mutation is about 60% [1-(1-0.04) 20 ; based on the overall truncation frequency of 4% (3/81)].
Since the TILLING population was derived from seed batches treated with different EMS concentrations, the results could be correlated to EMS dosage [mutation frequency [ 
New alleles and location bias of functional mutations in the gene HvHox1
A detailed analysis was performed for the HvHox1 gene (homeodomain-leucine-zipper (HD-ZIP) containing transcription factor), which has been shown to encode the row-type controlling locus Vrs1 in barley [15] . Wild-type barley has a two-rowed ear morphology where only the central of three sessile spikelets is fertile and produces seeds. The recessive allele vrs1 affects the fertility of the lateral spikelets, leading to a six-rowed ear. The cultivar 'Barke' possesses a two-rowed ear morphology, so TILL-ING has the potential to survey for de novo functional alleles with six-rowed phenotypes.
A 1,270-bp region covering the entire open reading frame (ORF) of HvHox1 was screened in 7,348 M 2 lines by analysing two overlapping fragments, giving a total of 9.4 Mb of gene sequence analysed. Thirty-one alleles, including ten missense mutations and one splice junction mutation, were identified (Additional file 3). The majority of these mutations (25 of 31) were GC to AT transitions, and 68% (21 of 31) of all mutations in HvHox1 were found in the homozygous state. The average mutation frequency was 1 mutation/0.25 Mb (Additional file 3; Figure 2A ). A comparable departure from the expected 1:3 homozygous mutant versus heterozygous and homozygous wild-type ratio for M 2 plants was reported by TILLING in the barley cultivar 'Morex,' and it was interpreted as a possible sensitivity limitation for the detection of heterozygotes in 8-fold DNA-pools [23] . Seven missense mutations induced changes to AAs with altered physicochemical properties in regards to polarity and/or hydrophobicity. Four of the missense mutations were detected in the conserved and functionally relevant homeodomain-leucine zipper motif (HD-ZIP).
For all of the M 2 plants that exhibited a non-synonymous mutation, 16 to 20 M 3 individuals were grown for phenotyping of the row-type character. The progeny of each line were subsequently genotyped. In three of the four missense mutations affecting the HD-ZIP domain, a change in spike appearance, especially in the lateral spikelets, was observed ( All phenotypically relevant missense mutations were found in the functionally important homeodomain (HD) region of the HvHOX1 protein, while mutants with AA changes outside the HD-ZIP domain displayed normal two-rowed spikes. The four HvHox1 mutants newly identified in the 'Barke' TILLING population that displayed a mutant phenotype were compared to a set of 18 missense alleles previously induced and reported for the cultivars 'Bonus,' 'Foma,' and 'Kristina' [15] . Among all 22 mutant lines, 9 of the 21 highly conserved AAs of the homeodomain domain were affected (Figure 3 ).
Some of the new 'Barke' TILLING mutations coincided with AA substitutions in previously induced vrs1 alleles (Figure 3) . A guanine to adenine transition was found at bp position 1115 in mutant 11657-1, leading to a change from Arg to His. The same nucleotide was affected by a G to T transversion (Arg substituted by Leu) in the mutant lines hex-v.42 and 43 induced in the cultivar 'Kristina' by fast-neutron and EMS treatments, respectively [15] .
'Barke' mutant 8408-1 shared an A to T transversion at bp position 1,079 (L95Q) with previously identified mutants hex-v.28 (ethylene imine (EI), cultivar 'Foma') and Intd.68 (EMS, cultivar 'Kristina') [15] . All three of these mutant lines carried an identical AA substitution, raising the question of whether the newly observed 'Barke' allele was induced independently or if it originated from pollen/seed contamination by a common allele of six-rowed barley cultivars. To test this, we analysed the entire DNA sequence of the 'Barke' Vrs1 allele. Instead of having one of the three haplotypes vrs1.a1, vrs1.a2 and vrs1.a3 common for modern six-rowed cultivars, the HvHox1 gene of the mutant 8408-1 exhibited the haplotype of the tworowed genotype 'Barke' (except for the transversion at bp position 1,079). Furthermore, we never observed any sixrowed plant among the > 90,000 M 1 'Barke' plants, supporting the hypothesis of a newly derived allele. Furthermore, a 'Barke' genetic background was confirmed for 8408-1 by genotyping 25 EST-based SSR markers (data not shown). Altogether, we were able to rule out that the allele of 8408-1 was due to any kind of contamination and to confirm that the 8408-1 allele was derived from 'Barke' by EMS mutagenesis
The alleles of the mutants 3930-1 and 11910-1, which lead to enlarged pointed lateral spikelets or a true hex-v phenotype, respectively, also turned out to be novel vrs1 alleles, as they involved previously unaffected AAs and nucleotide positions. Interestingly, the splice-junction mutation of 11910-1 (G856A) was separated only by 1 bp from a previously described mutation at bp position 855 that was induced in the genotype 'Kristina' by isopropyl methanesulphonate, leading to mutant hex-v.38. 
Mutation frequency in relation to EMS concentration
Discussion
Genetic mutation is a powerful tool that establishes a direct link between the biochemical function of a gene product and its role in vivo. For decades, genes have been identified and functionally characterised by the isolation and study of mutants that are defective in a specific process of interest. With the advent of molecular biology, several reverse genetic techniques have been developed for the functional characterisation of cloned genes. In plants, the most commonly used reverse genetic approaches are post-transcriptional gene silencing (PTGS) [24] and insertional mutagenesis [25] . However, PTGS is labour-intensive and can give ambiguous results. For insertional mutagenesis, the frequency of mutations per genome is typically low, and the mutant alleles are likely to result in a complete loss-of-function of the gene, which might limit the analysis if the effect is lethal or detrimental. By contrast, the TILLING technology induces diverse allelic variation, including missense mutations that can lead to altered protein function, as well as premature stop codons and splice site changes that can result in knockout or knockdown of a gene [26] .
TILLING of the homeodomain-leucine-zipper (HD-ZIP)
gene HvHox1 [15] in our newly developed 'Barke' cultivar TILLING population demonstrated the feasibility of generating an allelic series of a gene in barley with subtle phenotypic variation. In our study, one splice-junction mutation and three missense mutations were identified that provided three different types of mutant spike morphology. Almost all phenotypically relevant missense mutations of this and previous studies [15] were found to be situated in the functionally relevant homeodomain (HD) region. Those mutants displaying a full or intermediate six-rowed phenotype affected AAs that are universally conserved within members of the HOX protein family [27] . The different mutant phenotypes might be explained not only by the distinct positions of the substitutions in the protein sequence, but also by the character of the amino acid replacement. HOX proteins are DNAbinding transcriptional regulators that contain a highly conserved homeodomain, which is characterised by three α-helical regions (helices 1 -3) that fold into a tight globular bundle to form a so-called helix-turn-helix (HTH) motif [28] . The AAs of the HvHOX1 homeodomain with putative functional relevance can be predicted by referring to the ANTENNAPEDIA (Antp; AAB03236) and ENGRAILED (En; XP_002050130) protein sequences, a method applied in previous studies [29] [30] [31] [32] . The arginine at position 107 (Arg107), which is predicted to be involved in direct DNA binding by water-mediated hydrogen bonds between the homeodomain and DNA [31, 32] , was affected in two previously identified mutants as well as in one of the 'Barke' mutants. In all three cases, the mutation led to phenotypic changes, but of varying sever- Nine of the 21 (43%) strictly conserved AAs of the homeodomain of HvHox1 were affected by substitutions in previously analysed phenotypic mutants [15] . From the 'Barke' population, we obtained a total of nine mutants that were affected in this region; two mutants, 11657-1 and 8408-1, contained mutations at AA positions identical to induced alleles previously published. This coincidence was surprising but not necessarily unexpected. The probability of detecting a mutation at the same AA of at least one of the previously found substitutions is 99% [1-
The study of mutants originating from different germplasms can provide added value in the functional analysis of a trait or gene. However, it needs to be kept in mind that phenotypic differences of mutants at the same position of the gene may also be the result of modifying loci. Row-type in barley is controlled by the major gene vrs1 (HvHox1), but interaction with the unlinked intermedium (int)-c locus has been demonstrated. Plants heterozygous for vrs1 exhibited different degrees of fertility and seed size in lateral spikelets within or between different six-rowed plants in the presence of different int-c alleles [33] [34] [35] . Therefore, even mutations in the same AA of the HvHOX1 protein can lead to different phenotypes depending on the int-c allele. As a consequence, the availability of TILL-ING resources in different germplasms can be important while studying specific traits. Our TILLING population was generated in the two-rowed central European malting variety 'Barke,' whereas previously published TILLING populations were established either in the two-rowed Scottish malting cultivar 'Optic' or the six-rowed NorthAmerican malting variety 'Morex' [16, 23] . TILLING of HvHox1 in the latter population would not have been feasible.
Access to TILLING resources in different genetic backgrounds could also be of importance if mutant traits will be utilised in plant breeding. Every individual of a TILL-ING population typically accumulated a high density of mutations. Given an average mutation frequency of 1 mutation/0.5 Mb, a haploid genome size of 5,000 Mb for barley [36] , and an overall number of 40,000 barley genes with an average ORF length of 2.5 kb [37, 38] at an average G/C content of approximately 50% [39, 40] Of these, about 40% will be non-synonymous mutations, and perhaps one fourth of these will be homozygous. Therefore, each M 2 plant will theoretically contain at least ten profoundly affected genes per genome. This background load of mutations is often seen as a major obstacle for utilising TILLING-derived mutant alleles in plant breeding. The background mutational load needs to be removed by recombination in multiple generations of backcrossing or cross-breeding [41] . After backcrossing for six generations, theoretically only 1.5% residual heterozygosity will remain in a mutant, so the true efficiency of removing linked, undesired mutant variation may differ significantly depending on the region of the genome. Linkage disequilibrium (LD), the effect that closely linked genes will be inherited as haplotype blocks at higher than statistically expected probability, may extend to modern barley germplasms over distances of more than 50 cM [42, 43] . Notably, LD is typically high in the centromeric regions of barley chromosomes where recombination frequency is low [44] . However, the impact of LD is not only relevant for predicting the efficiency of removing background mutational load. The presence of natural diversity in a detrimental modifier locus in LD to a desired mutant locus could have a similar effect. In such cases, the principle availability of induced allelic diversity in different genetic backgrounds may facilitate the use of TILLING mutants in a breeding program. The remaining mutations originate from alleles of the cultivars 'Bonus,' 'Foma' and 'Kristina,' as previously described by [15] . The homeodomains of the proteins Antennapedia (Antp) (Schistocerca americana, American grasshopper) and Engrailed (En) (Drosophila virilis) were used as references for the localisation of the functionally relevant AAs in HvHOX1, as previously described [29] [30] [31] [32] . The main structural features are indicated by α, core AAs involved in the determination of the three-dimensional protein structure; and β, AAs implicated in DNA binding. A model of the secondary structure of the HD peptide is indicated below the alignment, beginning with the N-terminus. Antp 247 . [3] .RQT. [1] .TRYQTLELEKEFHF. [2] .YLTRRRRIEIAHALCLTERQIKIWFQNRRMKWKKEN 306 En 484 . [3] .RPR. [3] .SSEQLARLKREFNE. [2] .YLTERRRQQLSSELGLNEAQIKIWFQNKRAKIKKST 545
Amino acid conservation in the HvHOX1 homeodomain
Helix 1
A high mutation frequency is of paramount importance for the development of a TILLING population because it is the key factor influencing the necessary effective population size and thus also the labour investment required for screening. A moderate mutation frequency of approximately one mutation per 0.5 Mb, which is characteristic of the present 'Barke' population as well as of previously published barley TILLING populations [16, 23] , requires a relatively large number of lines (~10,000) to achieve genome saturation. Therefore, access to barley TILLING populations featuring high mutation frequencies comparable to those reported for Arabidopsis [12, 45] is an alluring prospect. Interestingly, during our efficiency analysis, we were able to demonstrate such high mutation frequencies for barley because we encountered levels of approximately one mutation per 0.2 and 0.14 Mb among mutants obtained from 40 and 50 mM EMS treatments. Although promising, the reproducibility of such high mutation frequencies needs to be confirmed in future experiments since the subpopulations obtained from 40 mM and 50 mM EMS concentrations were only 4% and 1.5% of the overall population, respectively.
Indeed, high mutagen dosages can impose practical problems, and improved screening efficiency may be compromised due to undesirable effects [46] since high mutagen dosage is typically associated with reduced fitness and fertility in advanced generations. In EMS-derived M 1 plants, these effects are mainly caused by the toxicity of EMS metabolites, which leads to reduced M 1 seedling germination, decreased growth and survival rates, and partially reduced M 1 spike fertility. Over 80% fully sterile M 1 'Barke' plants were obtained using EMS concentrations above 40 mM. Space constraints for raising a barley TILLING population are significantly higher compared to Arabidopsis; thus increased M 1 and M 2 sterility at high EMS concentrations cannot easily be compensated for by increasing the M 1 population size. Therefore, building the final bulk of the 'Barke' TILLING population from treatments in the range of 25 -40 mM EMS was driven by a compromise between effectiveness and practicality.
Conclusions
We developed a TILLING population of 10,279 M 2 plants as a resource for functional analysis of genes and for highthroughput gene discovery in an alternate germplasm of the crop model system barley. The screening of six target genes demonstrated a moderate mutation frequency of approximately one mutation per 0.5 Mb. This frequency should allow for the identification of multiple randomly distributed mutations in chosen gene regions. Phenotypic evaluation of portions of the M 2 and M 3 generations revealed the presence of a wide spectrum of morphological diversity, which is a further indication of the forward genetic potential of this resource.
A detailed TILLING analysis was performed for the homeodomain-leucine-zipper (HD-ZIP) gene HvHox1, which is the major factor controlling the row-type morphology of the barley spike. Multiple alleles causing phenotypic changes of the two-rowed spike morphology of the 'Barke' cultivar were obtained. A comparison of newly identified and previously characterised HvHox1 mutants indicated a bias for preferred nucleotide/AA positions that lead to altered row-type character if affected by mutation. These results contribute to a better understanding of the functionally relevant sites of the HvHOX1 protein. Furthermore, this exemplary case illustrates the specific potential of TILLING to provide multiple independent alleles of a single gene with varying levels of phenotypic expressivity. 
Methods
Seed material
Chemical mutagenesis
Barley seeds were treated at different concentrations with the chemical mutagen ethyl methanesulfonate (EMS) according to David G. Caldwell (personal communication). Batches of ~1,600 seeds were used to fill 2000-ml glass flasks and were pre-soaked in 500 ml of deionised water (ddH 2 O) for 4 h at room temperature (20-25°C). Then, the water was replaced by 350 ml of an EMS solution [20-60 mM in ddH 2 O], and seeds were gently shaken (125 rpm, tabletop shaker) for 16 h at room temperature. Subsequently, the EMS solution was collected for decontamination. The seeds were washed two times with 250 ml of 200 mM sodium thiosulphate (30 min for each step) and subsequently two times with 1 l of ddH 2 0 (first for 30 min, second for 1 h). After removing the supernatant, the seeds were transferred to trays covered with Whatman paper and air-dried at 4°C (16 h) prior to sowing. 
Creation of the TILLING population
Cultivation of M 2
From each M 1 , a maximum of ten M 2 individuals was cultivated as a family to the tillering stage (BBCH 30, [47] ). Subsequently, plants were evaluated, and one or two individuals of each family were selected based on viability to ensure a sufficient seed set for further cultivation. In cases of two selected individuals per family, the siblings were integrated into the population as individual mutant lines.
The M 2 plants were cultivated as batches either under greenhouse (1,000 M 2 families) or field (3,780 M 2 families) conditions. The M 2 seedlings were regularly monitored for the presence of chlorophyll defects and other visible mutant phenotypes. For the analysis of chlorophyll mutant frequencies, we calculated the relative frequencies as mutations per 100 germinated M 2 plants [48] . All phenotypes were scored in reference to the parent cultivar 'Barke.' The M 3 seeds from individual M 2 mutants were collected, catalogued, vacuum-packed and stored at 4°C until use as a resource for phenotyping.
Cultivation of M 3
The M 3 progeny of identified mutants were grown for genotyping and for the determination of visible mutant phenotypes. Forward genetic mutant screening was performed on subsets of M 3 families (16 seeds per single M 2 individual) derived from EMS concentrations between 20 and 40 mM. These were cultivated under field conditions. Plants were scored for visible phenotypes during the seedling stage, tillering, awn emergence, time of heading and final maturity. All phenotypes were scored in reference to the parent cultivar 'Barke.'
Genomic DNA isolation Genomic DNA was prepared from young leaves after lyophilisation of tissue. Twenty to thirty milligrams of lyophilised leaf tissue (the remainder of each sample was stored as a backup) was milled in 2 ml tubes, and the DNA was extracted essentially according to a previously described procedure [49, 50] TILLING screens were conducted by using a CEL1-based heteroduplex analysis for mutation detection. The CEL1-based assay relies on using the LI-COR two laser/PA-slabgel system. The optimal mutation detection procedure and pool size for 'Barke' DNA was determined by performing test screenings using known mutations in the HveIF4E gene [56] of the barley genotypes 'IGRI' and 'Franka.' Thereby, we found that for pooled DNA, a 1:10 dilution of CEL1 in a specific buffer solution combined with a 45 min digestion at 45°C provides an optimal ratio between the background and signal strength. The 8-fold arrangement was found to be most reliable, although mutations were still detectable in the tested 16-fold pools.
To improve the mutation screening, the population was screened in a two-dimensional format. In each 96-well pool plate, the DNA of a total of 384 M 2 individuals was arranged in row and column 8-fold pools. As each sample is present in two different pools, any mutation should be detected twice.
DNA sequencing and sequence data processing
For confirmation of presumed mutated loci, amplicons of the respective target gene were generated from putative mutants by utilising the same PCR conditions as established for CEL I analysis. Amplicons were purified by ultrafiltration using a QIAvac 96 vacuum (Qiagen, Hilden, Germany), processed with a NucleoFast-96 PCR Plate (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany) and directly cycle-sequenced using the ABI Big Dye terminator v3.1 sequencing standard kit according to the manufacturer's protocol (Applied Biosystems, Foster City, USA). Sequencing reactions were resolved on a 96-capillary sequencing device (3730xl DNA Analyzer, Applied Biosystems, Foster City, USA). Sequences were aligned against the "wild-type" reference of the 'Barke' cultivar with Sequencher 4.6 software (Gene Codes, Ann Arbor, MI).
Genes were routinely analysed using the program COD-DLE to obtain a gene model and to identify the region that would have the highest likelihood of being functionally affected by EMS mutagenesis. The software PARSESNP (Project Aligned Related Sequences and Evaluate SNPs) [57, 58] was used to predict the severity of each identified mutation. If necessary, the Web version of the FGENESH program was used for gene structure prediction, and parameters were set for monocot plants [59] . The Conserved Domain Database (CDD) [60] accessible on the National Center for Biotechnology Information (NCBI) was used for detailed analysis of identified mutations, as it provides multiple sequence alignments and derived database search models that suggest protein domains conserved in molecular evolution [61, 62] .
Statistical Analysis
Statistical analysis was conducted to investigate possible EMS dosage effects on genomic mutation frequencies, M 1 germination and sterility, M 2 chlorophyll mutant occurrence, and M 3 seed yield. The STATISTICA data analysis software version 6 (StatSoft, Inc. (2001), http:// www.statsoft.com) was used to conduct correlation analyses [(Pearson (r) and Spearman rank (r s )], tests of linear relationships [63] and one-factorial ANOVAs with the respective software protocols.
How to access the TILLING population
The 'Barke' TILLING population was developed in the framework of the German GABI (Genome Analysis in the Biological system plant) program. Screening of the resource is not established as a service yet but can be performed on the basis of collaboration. For further information please contact Nils Stein, IPK Gatersleben.
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